Abstract The Type VI secretion pathway transports proteins across the cell envelope of Gram-negative bacteria. Pseudomonas aeruginosa, an opportunistic Gramnegative bacterial pathogen infecting humans, uses the type VI secretion pathway to export specific effector proteins crucial for its pathogenesis. The HSI-I virulence locus encodes for several proteins that has been proposed to participate in protein transport including the Hcp1 protein, which forms hexameric rings that assemble into nanotubes in vitro. Two Hcp1 paralogues have been identified in the P. aeruginosa genome, Hsp2 and Hcp3. Here, we present the structure of the Hcp3 protein from P. aeruginosa. The overall structure of the monomer resembles Hcp1 despite the lack of amino-acid sequence similarity between the two proteins. The monomers assemble into hexamers similar to Hcp1. However, instead of forming nanotubes in head-totail mode like Hcp1, Hcp3 stacks its rings in head-to-head mode forming double-ring structures.
Introduction
Eight distinct protein secretory systems have been described in Gram-negative bacteria (type I (T1SS) to type VIII (T8SS)) [1] . The diversity of these systems has been linked to virulence and efficiency of infections. Typically the genes that code for secretory systems are grouped in virulence loci and are tightly regulated either at the transcriptional or post-transcriptional level by a number of regulatory factors, such as RetS [2] , LadS [3] and PpkA [4] . Many of the secretory systems have been shown to be involved in acute and chronic infections. Among the most widespread is the recently discovered Type VI (T6SS) secretion system. The T6SS gene cluster contains a core of 13 highly conserved genes including IcmF, DotU, ClpV homologs of a sub type of the ATPase AAA? family, IglA/ IglB chaperone-like proteins, Hcp, VgrG and several proteins of unknown function [5] .
In cystic fibrosis, Pseudomonas aeruginosa secretes Hcp1 (hemolysin-corregulated protein 1) and VgrG (valineglycine-repeat protein G) using the T6SS [6, 7] . Both of these proteins are encoded by the HSI-I locus. P. aeruginosa also contains 2 loci, HSI-II and HSI-III, which code for Hcp-like proteins as well as other 15-21 proteins homologous to components of the T6SS apparatus (ClpB AAA? like proteins, IcmF, VgrG, serine-threonine protein kinases and serine-threonine phosphatases [4, 6] ). Hcp2 and Hcp3 are believed to be secreted by their own specific T6SS subsystems [4, 6, 8] . It is also believed that Hcp2 and Hcp3 perform a similar structural function as Hcp1 [4, 6, 9] .
The most well characterized Hcp protein is Hcp1 from P. aeruginosa, for which biological properties and the X-ray crystal structure were recently described [6] . The Hcp1 monomer assembles in hexameric rings [6] . In the crystal, Hcp1 hexamers stack head-to-tail and form long nanotubes with a 40 Å wide tunnel [6] . The structure of Hcp1 is similar to that of the gpV tail tube protein of phage lambda [10] and shows an evolutionary relationship to the T4 tail-tube protein gp19 [11] . These phage proteins serve as components of phage genome transfer systems and assemble to form a tail-tube. These similarities have led to the suggestion that Hcp1 forms tubes that can cross membranes and connect different cell compartments. Working together with VgrG it forms a structure on the surface of the cell capable of puncturing the host membrane and facilitating channeling effector proteins across membranes [12, 13] .
Here we report the 2.1 Å resolution structure of Hcp3 from P. aeruginosa. Hcp1 and Hcp3 are undeniably structural homologs despite their very low amino acid sequence similarity. The both proteins form hexamers but, in contrast to Hcp1, Hcp3 does not form head-to-tail nanotubes in the crystal. The hexamers of Hcp3 form double rings (dodecamers) in a head-to-head mode, a very different arrangement as compared to Hcp1.
Materials and methods

Protein purification
Growth, expression, and purification of the Hcp3 selenomethionine (SeMet) protein from P. aeruginosa (gene name hcpC, locus tag PA0263) were performed essentially as described by Korolev et al. [14] . Briefly, the expression plasmid was transformed into E. coli BL21-Gold (DE3) strain (Stratagene), which harbors an extra plasmid (pMAGIC) encoding rare tRNA (recognizing AGG and AGA codons for Arg). These E. coli cells were then cultured in M9 minimal media containing 0.4% (w/v) glucose as a carbon source and supplemented with ampicillin (100 g/mL) and kanamycin (50 g/mL). The cultures were incubated at 37°C with shaking until the culture reached an OD600 of 0.8. At this point SeMet, plus an amino acid cocktail (60 mg SeMet; 100 mg of lysine, threonine, and phenylalanine; and 50 mg leucine, isoleucine, and valine) were added. Fifteen minutes later the culture was induced with 0.4 mM IPTG and the cells were allowed to grow for 3 h at 37°C with shaking and allowed to grow overnight at 15°C. Cells were harvested by centrifugation, disrupted by sonication, and the insoluble cellular material was removed by centrifugation. Hcp3 was purified from other contaminating proteins using Ni-NTA affinity chromatography with the addition of 5 mM 2-mercaptoethanol in all buffers. The protein was digested with 0.15 mg TEV protease per 20 mg purified protein for 16 h at 4°C and then passed through a Ni-NTA column to remove both the TEV protease and cleaved histidine tags. The protein was subsequently dialyzed, stored in buffer containing 10 mM HEPES (pH 7.5) and 500 mM NaCl, and quantified using an extinction coefficient of 0.475 M -1 cm -1 for contributions of Trp and Tyr at 280 nm.
Protein crystallization
The initial crystallization condition was determined with a sparse crystallization matrix (Hampton Research Crystal Screen I) at room temperature using the hanging dropvapor diffusion technique. The optimized crystallization condition consists of 0.1 M Bis-tris buffer pH 7.0 and 3.2 M sodium chloride in the presence of 0.028 mg/ml chymotrypsin. Crystals selected for data collection were flash-cooled in the crystallization buffer supplemented with 16% glycerol.
Data collection, structure determination and refinement A set of single-wavelength anomalous diffraction (SAD) data was collected from a single SeMet labeled crystal near the selenium absorption peak at 100 K. The data were obtained at the 19-ID beamline of the Structural Biology Center at the Advanced Photon Source at Argonne National Laboratory using the program SBCcollect. The intensities were integrated and scaled with the HKL3000 suite [15] .
The structure was determined by SAD phasing using the HKL3000 suite incorporating the following programs: SHELXC, SHELXD, SHELXE, MLPHARE, and SOLVE/ RESOLVE [15] . The initial partial model was autotraced using RESOLVE [16] and more residues were added using ARP/wARP [17] . Manual addition of residues and adjustment using COOT [18] were required to complete the model for refinement. Originally, data were scaled and the structure was determined in the P6 3 22 space group. However, high R-factor values in refinement suggested that the crystal was twinned. Data were re-scaled in the P312 space group and twinning was detected using the PHENIXxtriage program [19] . Several rounds of manual adjustments using COOT [18] and refinements with detwinning by PHENIX [19] were performed. The stereochemistry of the structure was validated with a WHATCHECK [20] and MOLPROBITY [21] Ramachandran plot. The main chain torsion angles for all residues are in the allowed regions or additional allowed regions. The crystal belongs to the hexagonal space group P312. The asymmetric unit contained 6 protein polypeptides, with 4 SeMet per polypeptide. In addition to water molecules, two molecules of glycerol were modeled in the structure. The final R work and R free were 21.4% and 25.4%, respectively. A summary of data collection and refinement statistics is given in Tables 1 and 2 .
Coordinates Atomic coordinates and structure factors were deposited into the Protein Data Bank as 3HE1.
Results and discussion
The overall structure of P. aeruginosa Hcp3 closely resembles the P. aeruginosa Hcp1 structure [6] despite low amino acid sequence similarity (Figs. 1, 2) . Only a stretch of 109 residues (45-146) of Hcp3 shows 19.3% sequence identity to the 57-165 residues of Hcp1 protein (based on FASTA UVa server). The main body of the Hcp3 monomer contains two b-sheets consisting of 4 and 5 b-strands each. The b-sheets interact with each other and form a tight b-barrel. One side of the b-barrel is flanked by a 12-residue a-helix (H3) and two one-turn a-helices while the other side is open to accept the a-helix from an adjacent subunit. The a-helix H3 is nearly parallel to the sixfold axis of the hexamer (Fig. 2c, d ). It is very hydrophobic with the sequence LLLAAL and provides a binding surface for b9 and b10 strands from the same subunit and b11 and b12 strands from an adjacent subunit. Therefore, a-helices H3 serve as locking pins holding the hexamer together. The structure of the Hcp3 monomer is very similar to Hcp1 and can be aligned with an RMSD for Ca atoms of 2.1 Å .
The Hcp3 crystal asymmetric unit contains 6 protein monomers grouped in 3 dimers related by an approximate threefold axis. Each of the dimers contributes to a different hexameric unit in the protein crystal. The inside channel of the hexameric rings has a diameter of *40 Å (Fig. 2c) and closely resembles Hcp1 [6] . The inner surface of the ring is formed by a continuous b-sheet created from 6 individual b-sheets consisting of b4, b5, b6, b7, b9, and b10 strands from each monomer. The b9 strand of each monomer interacts with the b4 and b5 strands of an adjacent subunit inside the ring. Similarly to Hcp1, this inner surface is partly hydrophilic and partly hydrophobic. The outer surface of the ring has a hexagonal shape with a diameter of 90 Å (Fig. 2c) and shows one strongly negatively charged Residues in disallowed region (%) 0.0
Crystal structure of secretory protein Hcp3 from Pseudomonas aeruginosa 23 Fig. 1 The sequence alignment of Hcp1 and Hcp2 proteins compared to P. aeruginosa Hcp3 sequence and its secondary structures side of the ring (data not shown). The thickness of the hexameric ring is about 30 Å . In the crystal, Hcp3 hexamers interact with the next hexameric unit in head-to-head mode to form dodecamers (Fig. 3a) . The thickness of the double ring is about 70 Å . The main contacts between the rings result from the interaction between loops 31-33 and 104-106. The hexamer interactions in Hcp3 crystals are very different from that found in the P. aeruginosa Hcp1 structure, where hexamers are connected in head-to-tail mode and form long nanotubes (Fig. 3b) . The inter-ring contacts for the Hcp1 structure are more extensive and involve 4 loops. Two of these loops are in a structurally similar position to those of Hcp3 (residues 17-19 and 89-92) and two loops are very different (residues 42-45 and 157-158). Hcp3 does not form continuous nanotubes in the crystal. Recently, a structure of the EvpC protein from Edwardsiella tarda was reported [22] . The EvpC shows sequence similarity to Hcp1 (Fig. 1) . This structure is also a hexameric assembly with rings interacting in head-to-head mode (Fig. 3c ) similar to the Hcp3 structure. However, the double rings are packed more densely than in the case of Hcp3 and form nanotubes in the crystal in alternating head-to-head and tail-to-tail modes. The inter-ring contacts are generated by two loops (residues 44-51 and 158-160) that are in a structurally similar position to Hcp1 loops (residues 42-45 and 157-158). It is quite striking that similar head-to-head interactions in Hcp3 and EvpC can be accomplished by two different sets of structural elements.
It is possible that these different modes of inter-ring interactions in Hcp1 and Hcp3 crystals result from different crystal packing. Both crystals have honey-bee cluster type packing in planes perpendicular to their ring axes, apparently because of the hexagonal shape of flat protein rings. Such dense packing may force ring stacking and form Hcp1 nanotubes with head-to-tail mode of packing or in alternating head-to-head and tail-to-tail modes as found in EvpC (Hcp1). In the case of Hcp3, the crystal packing resulted in head-to-head interactions generating dodecamers. The formation of Hcp1 head-to-tail nanotubes has been observed by electron microscopy and was shown to be reversible [6, 12] . This still needs to be shown for alternating head-to-head and tail-to-tail nanotubes.
Currently available data suggest that Hcp hexamers show very distinctive properties. These hexameric discs contain several loop regions located on their flat surfaces that are capable of promoting inter-ring stacking of these discs in head-to-tail, head-to-head and tail-to-tail modes. In the case of Hcp1, it leads to the formation of head-to-tail nanotubes and in the case of EvpC, it results in the formation of alternating head-to-head and tail-to-tail nanotubes. Although this is not observed in the crystals of Hcp3, we cannot exclude the possibility of the nanotube formation similar to that of EvpC under conditions different from those used by us for protein crystallization. One can easily imagine that double hexamer Hcp3 rings can stack on top of each other forming a nanotube. This could be achieved because of the flexibility of 52-60 and 129-137 Hcp3 loops.
Sequence comparisons of Hcp1, 2 and 3 proteins using BLAST server revealed that Hcp proteins fall into two rather than three sequence subgroups, with Hcp1 forming one subgroup and Hcp2 and Hcp3 belonging to a second subgroup (Fig. 1) . The largest difference between these subgroups is a deletion of 14 residues in Hcp1 (region 14-27 between b1 and a1), an insertion of four residues between b5 and b6, and 2-3 additional residues on the C-terminus. There are very few residues that are conserved among Hcp proteins; these include three Gly (28, 57, 88), His35, Thr71, Tyr148 and Trp166 (Fig. 1) . With the exception of Thr71, which lines up the inner surface of the channel, all other conserved residues are on the outside surface of the protein or are not solvent accessible. There are some residues conserved only in either Hcp1 (for example A2, D4, D32, G127) or in Hcp2/3 (for example T3, P4, P54, W98, C130, W153) subgroups, but there is no correlation between these conserved residues and a mode of inter-ring interaction. It is also unlikely the mixed Hsp1/ Hcp2/Hcp3 nanotubes can form. The sequence diversity among different Hcp proteins suggests that the secretion apparatus may have some specificity and that Hcp proteins may be optimized to perform a particular secretion function. In P. aeruginosa there are three HSI loci each encoding Hcp proteins as well as other components of the T6SS apparatus. Each of these loci may be responsible for secretion of different proteins and function in response to different signals. The exact role of each component of the T6SS apparatus, the secretion specificity and the identification of proteins that are being secreted by each loci await further studies.
